Introduction
In recent years, the development of functional and sustainable textiles has been the focus of researchers. The functional textiles are those that are developed specifically for an end purpose with added attributes such as self-cleaning, hydrophilicity, antibacterial activity, crease recovery, and superhydrophobicity. The demand of functionality in traditional clothing as well as in home textiles has significantly increased during recent years [1] . The sustainable textiles are the ones which are developed with minimum impact on environment, minimum consumption of energy, and no hazards for wearers.
Traditionally, organic compounds have been used to impart functional properties such as triclosan for antibacterial activity, benzophenones for ultraviolet (UV) protection, dimethylol dihydroxy ethylene urea for wrinkle resistance, fluorocarbons for hydrophobicity, long-chain hydrocarbons and polydimethylsiloxanes for softness, etc. Treatment of textiles with these compounds has two fundamental problems. First, one functional property is imparted to textiles in one step, and therefore, the fabric is subjected to multiple finishing steps to impart multifunctional properties; hence, huge amount of energy and time is consumed during processing. Second, some conventional chemicals that are used to impart functionality are toxic and not eco-friendly such as formaldehyde-based crosslinkers that are used to develop wrinkle-free fabrics [2] .
The quest to overcome the aforementioned problems has led to the discovery and application of new materials in textiles. These materials are both inorganic and organic. Although the functional properties of inorganic materials have been known for quite some time, their usage in textiles to impart functionality became possible only after the advent of synthesizing and manipulating them on a nanoscale. For example, zinc oxide (ZnO) and TiO 2 have been known for UV protection, selfcleaning, and antibacterial activity for decades [3] , but their usage in textiles was started after manufacturing them into nanostructure. Since then, they have been used to impart antibacterial activity [4] , UV protection [5] [6] [7] , self-cleaning [8] [9] [10] , etc. Many organic compounds, which are eco-friendly, are being used to impart functionalities to textiles. For example, the formaldehyde-free and eco-friendly cross-linkers such as citric acid, butanetetracarboxylic acid, and maleic acid [11] [12] [13] are used to impart crease recovery effect to cotton fabric.
The aim of this study is to impart crease recovery, UV protection, and antibacterial properties in single step by simultaneous application of organic and inorganic chemicals that have minimum impact on environment. This is achieved by using ZnO nanoparticles (NPs) for UV protection and antibacterial properties and butanetetracarboxylic acid for crease recovery property of cotton fabric. The synergistic effect of the aforementioned agents on surface resistivity and bending rigidity will also be studied. An optimum formulation is devised by using the Box-Behnken Design technique. Design-Expert software is a very effective technique based on statistical tools to test numerous variables at a time with less number of experimental runs as compared to the ''one-factor-at-a-time'' method. The chemicals include ZnO NPs supplied by US Research Nanomaterial; 1,2,3,4-butanetetracarboxylic acid (BTCA) used as a cross-linking agent and disodium hydrogen phosphate (DSHP) used as a catalyst were obtained from Sigma Aldrich. All the chemicals were of analytical reagent grade. The details of these chemicals are given in Table 2 .
Methods
The Box-Behnken Design technique was used for developing experimental plan with three variables using Minitab statistical software. These variables include different concentration levels of DSHP catalyst, BTCA cross-linker, and ZnO NPs, such as1.5-4.5% w/v, 3-9% w/v, and 1.50-4.5% w/v, respectively, Table 3 .
Preparation of formulations
Formulations were prepared first by dispersing ZnO NPs in distilled water and then acrylic binder (50 g/L) was added dropwise. The mixture was mechanically stirred at room temperature for 3 hours. A second solution containing BTCA in distilled water was prepared, and then this solution is added to the main formulation slowly. After that, DSHP was added to the mixture.
Fabric treatment
The pre-weighed cotton fabric (126 g/cm 2 ) was soaked in a treatment bath containing BTCA and DSHP and ZnO NPs along with acrylic binder for about 3 minutes. Subsequently, the sample was twice passed through a two-roll laboratory Padder (Model No. VPM-250A, Japan; air pressure 2 bar, fabric speed 3 m/min). This treatment gave a wet pickup of about 95-100%. After drying (2 minutes, 120°C), the fabric was cured for a specified time at 180°C in Stenter Frame (Model No. VPM-250A, Japan).
Characterization

Fabric characterization
The fabric morphology and the surface characteristics were examined by a Quanta 250 scanning electron microscope (FEI Czech Republic), with a magnification range of 35-10,000 and an acceleration voltage of 15 kV.
Fourier-transform infrared (FTIR) spectrophotometer from Perkin Elmer Spectrum II was used to confirm cross-linking reaction between BTCA and cellulose, with a scanning range between 4,000 and 700 cm -1 and a resolution of 4 nm -1 .
X-ray diffraction (XRD) pattern was obtained using X-ray diffractometer equipment model X'Pert Pro by PANalytical. The operating conditions of 2q scanning range from 10 to 60° at room temperature were used.
Characterization of functional properties
Crease recovery measurements
AATCC test method 66-1990 was used to find out the wrinkle recovery angle of the treated and untreated samples. For each sample, at least 10 test specimens were folded to have a crease and then compressed under carefully controlled conditions of time and load. After that, the load was removed, and the angle formed between the two limbs was measured.
Tear strength measurements
The tear strength of functionalized fabric was determined by using the ASTM D 1224 test method on the Elmendorf Tear Strength Tester. Ten test specimens were tested for each sample in warp and weft directions.
Antibacterial activity evaluation
Testing of antibacterial activity was carried out according to the Agar Plate Method as per AATCC 147. Bacteriostasis agar was spread in sterile Petri dishes, and broth cultures of the two test organisms (Escherichia coli and Staphylococcus aureus) were utilized as inoculums. The specimens were placed with care in the center of the mat culture. Then, these plates were incubated for 18-24 hours at 37°C, and after that the diameters of the inhibition zones around the tested samples were measured with a caliper [14] . Purity 99.9% 98% >98%
UV protection measurements
Testing of antibacterial factor was assessed according to AATCC 183 using the UV-Vis Spectrophotometer (CAMSPEC). Four samples from each fabric type were tested. The tester measures the transmission of UV radiation through a specimen on a spectrophotometer at known wavelength intervals.
Bending rigidity evaluation
Bending behavior was analyzed with KAWABATA KES-FB-2 in terms of bending rigidity.
Surface resistivity measurements
It was carried out with the Static Lab Tester (MESDAN, Italy), which complies with international standard UNI EN 1149. It measures the electrical resistivity on the sample surface.
Analysis of variance
A statistical technique, analysis of variance (ANOVA), was used to analyze the data and to find the interaction between independent variables and responses. The results were then examined by ANOVA to assess the ''goodness of fit'' [15] .
Durability testing
The ISO 105 C10:2007 washing test was carried out to check the durability of functionalized fabric. This test was carried out for 1, 5, and 10 washing cycles. Crease recovery angle (CRA) and ultraviolet protection factor (UPF) were checked after washing test. Figure 1 presents the morphology of fibers before and after treatment. It shows that NPs are not only completely covering the surface of the fabric but also present in interfiber spaces. A few big particles can be seen on fibers, which are due to aggregation of NPs in solution. The surface energy of NPs is very high, which accounts for aggregation and attachment of NPs on fibers. Figure 2 shows the spectra of FTIR analysis performed on the cotton fabric sample before and after treatment: the chemical structures of cotton showing the spectrum of its characteristic bands related to OH stretching at 3,356 cm -1 and the CO band at 1,000 cm -1 . These strong peaks belong to cellulosic structure. In the case of treated fabric, when the fabrics were treated with BTCA, in addition to last peaks, new peaks appeared. The peak at 1,750 cm -1 shows the presence of carbonyl group at 1,578 cm -1 and 1,750 cm -1 also occur, which symbolizes stretching vibrations of (COO-) and the formation of ester linkage is confirmed. The NPs of ZnO being photocatalyst enhance the reaction between hydroxyl groups of cellulose and carboxylic acid groups of BTCA. On UV activation, the positive hole generated due to jumping of electrons from the valence band to the conduction band plays a role in the cross-linking of BTCA with cellulose. (Detailed reaction scheme has been presented in our recently published work [16] .) Figure 3 shows XRD patterns of untreated and treated fabrics with formulations containing ZnO NPs. All diffraction peaks can be indexed to hexagonal structure of ZnO, and diffraction data are in accordance with High Score Plus Software reference No. 98-009-4004. Figure 4 shows the effect of BTCA and ZnO NPs on CRA of treated cotton fabric. As we increase the concentration of BTCA, the CRA also increases. BTCA reacts with hydroxyl groups of cellulosic chains present in amorphous regions and makes permanent covalent bonds that do not break on bending ( Figure 5 ). On increase in BTCA concentration, the formation of permanent covalent bonds increases due to which CRA of fabric increases. Being polysaccharide, cellulose has hydroxyl groups. These groups are responsible for the strength of cellulosic fibers because they form hydrogen bonding among polymeric chains. In the amorphous regions of fibers, the chains are relatively mobile, which move on folding of fibers. In this process, the hydrogen bonds break and form at new places, which cause wrinkling of fabrics. BTCA replaces temporary hydrogen bonding in amorphous regions with permanent ester linkages.
Results and discussion
Crease recovery angle
The mechanism of reaction between BTCA and hydroxyl groups of cellulose is presented in Figure 5 . This reaction takes place in two steps. In the first step, the formation of a cyclic anhydride intermediate by dehydration of two carboxyl groups takes place. The esterification reaction in the second step causes cross-linking of cellulosic chains because of the reaction between carboxylic acid groups of BTCA and hydroxyl groups in cellulose [17] .
The CRA of cotton fabric is also affected by the presence of ZnO NP shown in Figure 4 . The CRA increases with increase in NP concentration in formulation. This increase may be attributed to two possible reasons. First, ZnO NP may catalyze the cross-linking of BTCA with cellulose chains [18] . Second, due to strong interaction of NP with cellulosic chains, CRA increases. The zeta potential of cotton is -12 mV and that of ZnO NP is 30 mV [19, 20] . Due to this, the NPs attach strongly to cellulosic chains restricting their movement. Therefore, the fabric recovers from creases as the bending force is removed.
We have carried out some trials to check the combined effect of BTCA and acrylic binder on CRA of treated fabric. It was found that the effect of acrylic binder on CRA was insignificant, as shown in Table 4 . 
Tear strength
The tear strength of treated fabric increases initially with increase in BTCA concentration and then decreases after obtaining highest value as shown in Figure 6 . Apparently, it is contradictory to conventional resin finishing of cotton fabric for crease recovery. The conventional cross-linking agents based on urea formaldehyde contain N-methylol groups that not only react with hydroxyl groups of cellulose but also undergo self-cross-linking. Due to this, they form three-dimensional cross-linked films on fibers and also cause their binding. This decreases the fiber and yarn slippage, which leads to reduction in tear strength. However, the BTCA molecules react only with hydroxyl groups of cellulose, causing their cross-linking. They do not undergo self-cross-linking and do not form a film on the fiber surface [16] . During the process of cross-linking of polymer chains, the weak hydrogen bonds are replaced by covalent bonds, and therefore, tear strength is increased.
On further increase in BTCA concentration, the fibers start binding with each other, which causes the reduction in yarn and fiber slippage and ultimately reduction in tear strength. Figure 6 shows that the increase in the concentration of ZnO NP from 15 to 45 g/L results in the improved tearing strength of fabric. This might be due to physical attachment of NPs with fibers in amorphous regions, and the polymeric chains resisted the tearing force.
Ultraviolet protection factor
The solar UV is composed of UV-A (400-315 nm), UV-B (315-290 nm), and UV-C (290-200 nm) radiations. UV-C and most of UV-B are filtered by the ozone layer. Sun light reaching the earth contains 5.6% UV, majority of which is UV-A. Being high energy rays, UV is injurious to skin and is the cause of many diseases such as cancer. Therefore, it is very important to wear UV protective cloths. The UV protection of cloths is measured in terms of UPF, which is defined as the ratio of the average effective UV irradiance calculated for unprotected skin to the average UV irradiance calculated for skin protected by the fabric [21] . Figure 7 shows the effect of ZnO NPs and BTCA on UPF of treated fabric. The effect of increase in BTCA concentration is insignificant. This is due to its aliphatic nature. The aliphatic chains do not absorb light. However, the effect of ZnO NPs is very significant. As we increase the concentration of ZnO NPs, the UPF increases and exceeds the threshold of 40, which is the minimum requirement for clothing when the concentration of NPs is 40 g/L. The NPs of ZnO provide UV protection through absorption, reflection, and scattering mechanisms. The reflection and scattering of rays take place due to size of NPs, which is comparable to their wavelengths [22, 23] . The part of UV absorbed by ZnO is consumed in exciting electrons present in valence bands. Figures 8 and 9 show the antibacterial activity of treated samples against S. aureus and E. coli, respectively. All the samples have zones of inhibitions around them. The numerical values of zones of inhibition of treated samples are presented in Table 5 . With the increase in ZnO NP concentrations, the zones of inhibition also increase.
Antimicrobial activity
The antibacterial activity of the fabric sample treated with ZnO NPs could be attributed to release of Zn + , production of reactive oxygen species (hydroxyl radicals and superoxide ions), and physical interaction of bacterial membrane with NPs [10] .
The reactive oxygen species include (•OH), superoxide anions (O 2 −), and per hydroxyl radicals (HO• 2 −). These are highly active free radicals and the actual lethal agent hydrogen peroxide (H 2 O 2 ), produced from OH− and O 2 −, can cause damage to the cells of bacteria, leading to decomposition, complete destruction of its internal structure [24] [25]. Figure 10 shows the effect of ZnO NPs and BTCA on surface resistivity of treated fabric. The increase in BTCA concentration does not affect surface resistivity. The effect of NPs on surface resistivity is quite significant. The surface resistivity decreases with increase in ZnO NPs. In fact, the resistivity is the resistance of the material to electrical flow. The NP being conductive increases the conductivity of surface and reduces the static charge accumulation on the fabric surface. This effect is more pronounced when concentration increases up to 30 g/L. On further increase in NP concentration, the decrease in resistivity is not significant.
Surface resistivity
The surface resistivity is linked with accumulation of static charges on the surface of fiber. The higher the resistivity, the higher the accumulation of charges on the fabric surface. These accumulated charges are continuous source of discomfort to the wearer, because the fabric clings with human body. The problem of charge accumulation arises when fabrics made of synthetic fibers are worn. As they have very low moisture regain, the surface resistivity of fibers is very high. Due to this, the charge cannot be dissipated. The charge dissipation is basically linked with surface conductivity.
The principle mechanism of ZnO working is based on to increase the conductivity of the fiber surface increasing conductivity. The antistatic effect produced by ZnO NPs is more durable and independent of environmental conditions, as they enhance surface conductivity and charge dissipation due to the presence of mobile ions on the surface [26] . However, the conventional antistatic finishing agents are based on highly polar organic molecules that absorb moisture from the surrounding environment to increase surface conductivity. As the moisture in environment decreases, the surface conductivity also decreases with the decrease in absorbed moisture [27] .
Bending rigidity
Bending properties of cotton fabrics are measured in terms of bending rigidity (B), which is defined as the ability of a fabric to resist the bending moment. The bending behavior majorly governs the fabric properties; handle and flexibility which are related to the quality of stiffness when a fabric is handled. A higher B value implies the more resistance against bending.
The B values of untreated and the cotton fabrics subjected to BTCA treatment in the presence of catalyst and ZnO NPs are presented in Figure 11 . It can be seen in Figure 11 that with the increase in BTCA and ZnO NP concentrations, the bending rigidity increases, which may be attributed to both chemical and physical interactions of BTCA and NP with polymer chains of fabric. As BTCA crosslinks with cellulosic chains, it imparts stiffness to fabric. Due to this, the bending rigidity of fabric increases. The increase in rigidity due to NPs may be attributed to physical reasons. As explained in earlier section (Section 3.1), the NPs bind themselves strongly with cellulose chains through electrostatic interaction.
The increase in bending rigidity due to NPs is more pronounced as compared to BTCA. With the increase in BTCA concentration, the cross-linking also increases. This improves the dimensional stability and affects the softness of fabric negatively, which ultimately increases bending rigidity of treated fabric. However, the mobility of chains and interfiber movement is strongly restricted by physical adhesion of NPs.
Durability of treated fabric
To check the durability of functionalized fabric, CRA and UPF were measured after 1, 5, and 10 washing cycles. Figures  12 and 13 show the results of CRA and UPF after different washing cycles. It is clear that there is no significant change in CRA and UPF even after 10 washing cycles. This means that BTCA has made permanent covalent bonds with hydroxyl groups of cellulose in the amorphous region, and ZnO NPs are completely adhered to fibers due to two reasons. First, the acrylic binder made a film on NP, which caused their entrapment. Second, the zeta potential of difference of NP and fabric caused good adhesion.
CONCLUSION
A simple and economical method has been developed to impart multifunctional properties to textiles with minimum usages of chemicals and ecological impact. Good CRA without losing tear strength, antibacterial properties, antistatic effect, and bending rigidity has been imparted to cotton fabric just On the basis of the findings of this study, another study has been designed in which the combined effect of different binders and cross-linkers on CRA, abrasion resistance, bending rigidity, etc. will be studied.
